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This thesis provides components for a minimally invasive mid-infrared light-delivery, 
sensing and detection system in silicon. Both Photonic Needles for deep-media light 
delivery and a CMOS-compatible waveguide-integrated detector at 3.7μm are explored 
in depth.  Other integratable elements presented include ring resonators in the mid-
infrared for gas absorption sensing and frequency comb generation, a MEMS weak 
electric field sensor, and wavelength sensitive gratings for directional coupling to/from 
the environment.   
Chapter 1 provides a primer for mechanical, optical, and electrical concepts related to 
the work later presented in this text.  The mechanical primer covers Euler bucking 
theory as well as an intuitive perspective on stiffness, elastic modulus, second moment 
of inertia, and beam bending. The optical primer covers Snell’s law, ring resonators, 
Fresnel equations, Fabry-Perot resonances and losses, distributed Bragg reflectors, 
Bragg gratings, and optical coupling losses. The electrical primer covers the Fourier 
transform of a pulse train, noise equivalent power, loss due to impedance mismatch, and 
RC limited bandwidth. 
In Chapter 2 we demonstrate a new platform for minimally invasive, light-delivery 
probes leveraging the maturing field of silicon photonics, enabling massively parallel 
fabrication of photonic structures.  These Photonic Needles probes have sub-10μm 
 cross-sectional dimensions, lengths greater than 3mm-- surpassing 1000 to 1 aspect 
ratio, and are released completely into air without a substrate below.  We show the 
Photonic Needles to be mechanically robust when inserted into 2% agarose.  The 
propagation loss of these waveguides is low-- on the order of 4dB/cm. 
In Chapter 3 we demonstrate a CMOS-compatible mid-infrared detector at 
wavelengths ranging from 3.36 to 3.74μm by exciting mid bandgap states in a sulfur-
doped silicon waveguide with responsivities up to 30mA/W.  We also measure a noise 
equivalent power (NEP) of 3e-10W/√Hz at 3.7μm wavelength and 30V reverse bias 
voltage. 
Chapter 4 presents other device elements that could also be integrated into this same 
silicon on insulator (SOI) platform for long wavelengths with preliminary and/or 
simulation results for each.  These elements could be implemented as part of future 
projects. Chapter 5 provides veins of promising future research directly related to the 
work from Chapters 2 and 3.  
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Figure 1.1: The Euler Buckling formula (center) describes when a long, narrow beam 
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conditions, fixed/fixed and fixed/pinned.  On the right is a graph of the critical 
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femtosecond pulsed laser operating at 80 MHz repetition rate.  Below is the relative 
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operating at 10 kHz repetition rate.  Both of these graphs are described by the same 
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Figure 2.1: Details of the Photonic Needle fabrication using the Mechanical Substrate 
Removal (MSR) process.  a.) Processing steps (left to right): (1) patterning of the 
Photonic Needle waveguides on the SOI wafer, (2) cladding the waveguides in 
PECVD oxide, (3) releasing diced chip vertically in BOE, (4) scribing at the base 
of the released section and mechanically cleaving off the substrate, (5) finally 
releasing the probes.  b.) Scanning Electron Micrograph (SEM) of the Photonic 
Needles showing the pristine cleaved silicon face, post-MSR, at the interface 
between the portion of the chip where the needles are released and where they are 
not released (left).  A schematic of the released needles indicating where the SEM 
was taken is shown on the right.  Note that this pristine surface is in contrast to 
typical rough etched surfaces resulting from long backside etches.  c.) SEMs of 
both curved (left) and angled (right) Photonic Needle tips, taken from the top of the 
chip and at a 45 degree angle relative to the chip.  Note that the top faces are much 
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CHAPTER 1  
INTRODUCTION 
 
As silicon photonics matures and we simultaneously expand our capabilities into new 
wavelength ranges, we have begun to discover ways to expand what we have learned at 
telecommunications wavelengths into these new regions.  As a consequence, new fields 
of study are emerging.   One area of expansion and cross-pollination is with deep-media 
imaging, sensing and detection, and the treating of heat from a photonic perspective with 
the development of devices and techniques familiar to shorter wavelengths, like ring 
resonators, gratings and photonic crystals. [1,2] This is especially relevant to biological 
applications like light delivery to deep-tissue.  The advantages of multi-photon imaging 
at the combined scattering and absorption windows, for example, at 1300 and 1700 nm 
in brain tissue, have been utilized for years. [3,4] But only recently have windows been 
discovered at longer wavelengths, for example, in thigh tissue at 1.8 μm and in brain 
tissue as far as 2.2 µm. [5,6] It is generally agreed in the community that these types of 
discoveries have been slow to develop due primarily to a lack of detectors at longer 
wavelengths in the mid-infrared.  
For wavelengths where the absorption is high, minimally invasive mid-infrared light 
delivery with integrated detection has the potential to enable many important 
applications, since the absorption lengths are not limiting to the depth of interrogation.  
This way the functionality of longer wavelengths is accessible while still reaching deep-
media.  Mid-infrared endoscopy with large fibers has been shown to be useful for 
analyzing chemical fingerprints in vivo, especially during surgery. [7–10]  But these 
devices suffer from a lack of integrated detection and from a lack of resolution in part 
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due to the physical cross-section of the fibers but also functionality due to lack of device 
integration. [7–10] Also intraoperative thermal imaging, a rapid method to define the 
boundaries of brain tumors, is restricted by a lack of penetration in the tissue and 
requires full exposure of a legion. [11] Since heat is mid-infrared light, these thermal 
methods could be greatly improved with the application of minimally invasive light-
delivery and collection techniques for mid-infrared wavelengths. With broad research 
interests in the brain and increased emphasis on understanding complex biological 
systems, new fields will continue to develop and expand in these fields, and more 
generally, in any field where the photonic treatment of mid-infrared light or heat is 
applicable. 
The following is a set of primers to facilitate understanding of the concepts associated 
with the work in the following chapters.  This is intended to be of particular use for 
people with varied backgrounds, who may not have specific expertise in one or more of 
these areas.  The primers include a mechanical, an optical, and an electrical primer. 
 
 
Mechanics Primer 
 
Euler Buckling Formula 
The dominant failure mode for long narrow beams being inserted into a viscoelastic 
medium is buckling.  The Euler buckling formula describes this mode.  [12], [13], [14] 
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Figure 1.1: The Euler Buckling formula (center) describes when a long, narrow beam 
will buckle with end loading normal to the tip.  On the left are two finite element models 
demonstrating examples of the K length factors for two sets of boundary conditions, 
fixed/fixed and fixed/pinned.  On the right is a graph of the critical dimensions before a 
long, narrow beam will buckle assuming the more conservative fixed/pinned boundary 
conditions. 
 
The longer and/or narrower a beam is, the more likely it is to buckle in response to a 
force applied at the beam tip.  Stiffness is a measure of a beam’s cross-section to 
withstand bending and is both a material and geometric property. (Stiffness = EI) Elastic 
modulus is purely a material property (E=elastic modulus) and the second moment of 
inertia is purely a geometric property. I is the second moment of inertia which is equal to 
the integral of (y2 dy), where y is the distance from the neutral axis.  For a rectangular 
cross-section I = bh3/12, where b is the width of the cross-section perpendicular to the 
direction of bending and h is the thickness of the beam in the direction of bending.  The 
width of the beam has a much smaller contribution to stiffness than the thickness.  
The boundary conditions, and whether a beam is able to rotate, either at the tip or at 
the base, play a significant role in whether a beam buckles or not also.  If both ends are 
able to rotate, a beam is most likely to buckle, and if both ends are unable to rotate, a 
beam is able to resist twice the same force normal to the tip.  When one end is fixed and 
the other is pinned, or able to rotate, the beam’s ability to resist buckling is in between 
the pinned/pinned and fixed/fixed boundary conditions.  These properties are present in 
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the Euler buckling equation with the length factor K.  The reason why it is called the 
length factor is because it scales the actual length to be analogous to the curvature of a 
simply supported beam in bending which is free to rotate at one end and fixed at the 
other.  For example, a fixed/fixed beam can be broken into 4 sections that each resemble 
the curvature profile of a beam that is only fixed at one end. 
Other Mechanical Considerations 
Again the stiffness of the beam is important to how much a beam will deflect in 
response to a force, either at the tip or from the weight of the beam itself.  When 
fabricating long narrow structures, we want to avoid stiction, which can occur from the 
beam deflection interfering with the substrate after the release layer is removed between 
the beam and the substrate.  For this reason it is useful to consider how much a beam 
will deflect from its own weight, in addition to external forces.  Although for the work in 
the following chapters failure in compression or tension is not the primary failure mode, 
it is important to consider for other device materials and geometries. 
 
Optics Primer 
 
Snell’s Law 
Snell’s Law can be used to determine the relationship between the incident (θi) and 
transmitted (θt) angles of a ray traveling from one refractive index (n1) to another (n2). 
 
n1 sin(θi) = n2 sin(θt)     (1.1) 
 
Snell’s Law is the reason why when we see something beneath the surface of water, its 
location is not where it seems to be, as viewed from above the water surface.  This is due 
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to the difference in refractive indices of the air, where we are viewing from, and the 
water, where the object resides.  When a ray is traveling from a high index medium to a 
low index medium, and the angle of a light ray’s incidence on the surface longer 
transmitted.  This is the basis for why optical waveguides work to guide light.   Light is 
coupled into a high index “light pipe” that is cladded with a lower index material.  When 
light rays are incident on this interface at or past the critical angle, all of the light (with 
the exception of scattering losses and absorption) is reflected back into the waveguide. 
 
 
Figure 1.2: Diagrams from [15] illustrating Snell’s law and total internal reflection past 
the critical angle θc. 
 
Ring Resonator 
 
Ring resonators are a primary building block in silicon photonic devices.  By 
evanescently coupling light from one straight waveguide into a waveguide with a closed 
ring path, an optical cavity is achieved.  When the distance of the round trip around the 
ring is equal to an integer number of wavelengths of the light coupled into the ring, then 
these wavelengths experience constructive interference and get brighter in the cavity.  In 
other words, resonance occurs when 2πneffL=mλ, where neff is the effective index of the 
waveguide cross-section, L is the round trip length around the ring, m is an integer, and 
λ is the resonant wavelength. 
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Figure 1.3:  SEM image of a typical ring resonator showing the laser input in the bus 
waveguide, which couples light evanescently across the gap to the resonator (image by 
Abdurrahman Gumus). 
 
Fresnel Equations  
The Fresnel equations arise in part due to Snell’s Law, and describe the amplitude and 
phase of a reflected and transmitted plane wave incident on an interface between two 
homogenous materials of different refractive index.  For TE polarization, or polarization 
perpendicular to the plane of incident, transmitted and reflected ray vectors: [15] 
Ereflected/Eincident= 
!! !"#!!!!! !"#!!!! !"#!!!!! !"#!!    (1.2) 
 
Where 𝑛!and 𝑛! are the refractive indices the initial media and the transmission media 
and 𝜃! and 𝜃! are the angles of incidence and transmission respectively.  For normal 
incidence, as with coupling light into a waveguide, the equation for Fresnel reflectance 
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simplifies to ((n1-n2)/(n1+n2))2 where n1 and n2 are the refractive indices of the two 
materials. 
 
Fabry-Perot resonances and losses 
Most simply, two opposing mirrors separated by a cavity form a Fabry-Perot 
interferometer.  This cavity’s resonant wavelengths occur where the incident light 
wavelength is equal to an integer multiple of ½ wavelengths in the cavity.  The 
propagation losses in a waveguide can be modeled as the losses in the Fabry-Perot 
cavity created by the reflections of both the input and output facets.  This can be 
quantitatively measured via transmission and reflection measurements through the 
waveguide and the data fit according to the following 
equations:  [16], [17], [18], [19], [20], [21], [22]  
 
Figure 1.4: The equations for the loss in a Fabry-Perot cavity can be fit to reflection and 
transmission data to find the propagation loss (α) in the waveguide.  This assumes the 
input and output reflectivities, R1 and R2, are equal. 
 
 
Distributed Bragg Reflector 
 
The constructive and destructive phase characteristics of alternating layers of high and 
low indices materials can be used to create mirrors.  When the thicknesses of the layers 
are ¼ of the wavelength, the phase constructively interferes in reflection, but still 
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transmits some light to the next layer, creating an imperfect mirror.  A ½ wavelength 
thickness layer of the low index material can be placed between two of these types of 
mirrors, forming a cavity that constructively interferes within the ½ wavelength layer 
and forms a Fabry-Perot interferometer. 
 
 
Figure 1.5:  Diagram of a DBR cavity showing the orientation of high and low indices 
materials. 
 
Bragg Grating 
 
Similar to the Distributed Bragg Reflector above, the transmission and reflection of a 
waveguide can be controlled by alternately varying the width and/or height to alternate 
between high and low effective indices of the alternating cross-sections, instead of 
alternating high and low index materials in flat layers.  Grating couplers based on this 
concept can be used to couple light into or out of a waveguide.  They are sensitive to 
both wavelength and to the angle of coupling between the waveguide grating and the 
exterior media according the following: [23] 
 𝑛!"" = 𝑛!"# sin 𝜃! +  𝑚 !!    (1.3) 
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where 𝑛!"" is the effective index of the grating, 𝑛!"# is the refractive index of the 
exterior media, 𝜃! is the coupling angle with respect to normal to the grating surface, 𝑚 
is the diffraction mode, 𝜆 is the wavelength of light incident on the grating, and Λ is the 
grating period. 
 
 
Coupling loss 
 
Coupling loss is due primarily to Fresnel reflections (see Fresnel above) and modal 
overlap.   The modal overlap is the area overlap of the mode of an incoming beam with 
the mode of the mode in the media that the beam in incident on.  For example, if 
coupling light from a lensed fiber of 2.5 μm spot size diameter into a waveguide that has 
a 10 μm diameter mode in the waveguide, the coupling losses due to modal overlap 
could be found by integrating over the power overlap of the two modes. 
 
Electrical Primer 
 
Fourier of Pulse Train 
The Fourier series for a periodic time-continuous signal is defined by the periodic 
signal:  [24] 
 𝑥 𝑡 = 𝑎!𝑒!"(!!/!)!!!!!     (1.4) 
 
where T is the period, t is time, and the Fourier coefficient for the kth harmonic is: 
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𝑎! = !! x(t) ! 𝑒!!"(!!/!)!𝑑𝑡    (1.5) 
 
For a periodic square wave pulse train, in terms of sines and cosines this is: 
 𝑥 𝑡 = 𝑎! + 𝑎!cos(𝑘(2𝜋/𝑇)𝑡) !!!! +𝑏!sin(𝑘(2𝜋/𝑇)𝑡)   (1.6) 
 
where 𝑎! is the DC component, 𝑎! and 𝑏! are the Fourier coefficients.  This results in 
the magnitude of each harmonic spectral components equaling: 
 
Magnitude ! = 𝑎!! + 𝑏!!    (1.7) 
 
When the pulse width of the square pulse is wide the harmonic spectral components 
follow the sinc function.  But when the pulse width is very narrow, as with a femto 
second pulsed laser source, the magnitude of the harmonic spectral components are flat 
across a wide bandwidth.  This is confirmed by the fact that the Fourier transform of a 
Dirac function is also a Dirac function. 
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Figure 1.6:  Above is the relative magnitude of the spectral components for a 200 
femtosecond pulsed laser operating at 80 MHz repetition rate.  Below is the relative 
magnitude of the spectral components for a square pulse that is half the period operating 
at 10 kHz repetition rate.  Both of these graphs are described by the same set of 
equations describing the Fourier transform of a time-continuous square wave pulse train. 
 
 
NEP 
For an inverse-biased diode the noise equivalent power (NEP) is dominated by the 
shot noise from background radiation and so follows:  [25–27] 
NEP = !!"!"!      (1.8) 
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Loss due to impedance mismatch 
In order to avoid or account for measurement losses in the setup due to reflections at 
higher frequencies, one must take into account losses due to impedance mismatch.  The 
real part of impedance is the resistance R, which can be found from the inverse slope at 
the operating point of a diode curve.  The inductive reactance is XL = 2πƒL where L is 
the inductance. The capacitive reactance is XC = 1 / 2πƒC where C is the capacitance.  The 
total impedance is Z= R + j(XL+ XC).  By calculating the reflection coefficient Γ=(Z1 – 
Z2)/(Z1 – Z2) between the two elements with impedances Z1 and Z2, the losses in dB due 
to the mismatch can be found from loss = -10log10(1- Γ2). 
 
RC limited bandwidth 
In a device where the RC (resistance*capacitance) time constant, τRC, limits the 
bandwidth, the cutoff frequency is equal to 1/RC where the resistance and/or capacitance 
can be measured or estimated via calculation.  The capacitance of a p/n junction diode is 
a result of the bias voltage further separating charge with higher biases.  Therefore for 
RC limited devices, capacitance tends to be lower and cutoff frequencies higher for 
larger bias voltages. 
Depletion width: [26] 
D= 2εrεoVbias(NA+ND)qNAND !.!    (1.9) 
Capacitance: 
C = εrεο Αrea/D    (1.10) 
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CHAPTER 2  
PHOTONIC NEEDLES     
Introduction 
 
The use of light for biological imaging and stimulation, has an array of useful 
applications, but due to combined scattering and absorption effects in tissue, [4], [28] 
current techniques for optical stimulation and detection in deep tissue require relatively 
large optical probes and fibers to be implanted, causing significant damage to the tissue.  
Ground-breaking early light delivery probe schemes, (for example, large chip shank-like 
designs, [29], [30], [31], [32] reminiscent of traditional electrode on chip 
platforms, [33], [34] fiber-like devices, [35], [36], [37], [38], [39] or designs with traits of 
both [40], [41], [42], [43], [44]) are designed to reach deep tissue, but have large cross-
sections on the order of 100 μm across or more. Such schemes are destructive to the 
biological tissue, inducing an immunological response, disrupting the system one would 
want to measure, and impeding the signal response collected. [45], [46], [47], [48] 
The most notable methods attempting to address invasiveness issues while achieving 
deep tissue light delivery are multiphoton stimulation, [4], [49], [50], [51], [52], [53], [54] 
and microfabricated multisite light delivery probes. [29], [30], [31], [32] Multiphoton 
light delivery is minimally invasive, but depths greater than 2 mm are not resolvable 
without the assistance of more invasive methods.  Physical light delivery probes can 
easily reach multiple data collection sites millimeters deep, but at the expense of very 
invasive, large cross-sections, on the order of 10’s of sites per 10’s of cubic millimeters 
per probe. The large size of these probes makes scaling beyond a few hundred sites 
problematic.  Attempts have been made to miniaturize these 
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devices, [55], [56], [57], [58], [59], [60] but the tradeoffs remain between accessing deep-
tissue, and achieving minimally invasive, high performance light delivery. 
We show here a platform for light delivery based on high aspect ratio Photonic 
Needles – free standing optical waveguides that are long enough to reach deep-tissue, 
but narrow enough to cause minimal damage.  These Photonic Needles have a cross-
sectional diameter of only 3 to 10 µm across the entire 3.5 mm length of the probe, 
displacing orders of magnitude smaller volumes than standard methods. This platform 
leverages the maturing field of silicon photonics, enabling massively parallel fabrication 
of photonic structures using CMOS processing. 
Methods 
 
In order to overcome the challenge of fabricating these 1000:1 aspect ratio waveguide 
probes, we developed a process based on Mechanical Substrate Removal (MSR). The 
mechanical removal of the substrate (see Figure 2.1), overcomes the difficulty of 
chemically removing a thick substrate that is hundreds of microns thick, while 
maintaining the integrity of the suspended needle that is only a few microns thick. The 
extremely long etch times needed to remove the entire substrate can penetrate even thick 
thermal oxide protective release layers and damage the small waveguides beneath, often 
etching all the way through especially long, small cross-section devices. It is typically 
difficult to get high yield fabrication of MEMs cantilevers even with much larger cross-
sections and shorter lengths. [61], [62], [63], [64]  The process we developed involves 
manually cleaving the substrate away. The process shown in Figure 2.1 starts with an 
SOI wafer of approximately 3.6 μm of thermal oxide buried beneath approximately 10 
μm of crystalline silicon. The Photonic Needle waveguides are patterned using contact 
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photolithography in widths ranging from 3 to 10 μm wide.  The Photonic Needles are 
aligned perpendicular to the major flat of the <100> wafer, and therefore perpendicular 
to the crystallographic plane for cleaving the substrate later in the process. A higher 
elastic modulus could be achieved by similarly aligning along the crystallographic 
planes in a <111> wafer. After etching the waveguide needles to the buried oxide, a 
conformal PECVD oxide cladding is deposited to approximately 3.7 μm thick. Then the 
wafer is diced into single chips using a silicon dicing blade for lower loss facets.  
Individual chips are then placed into custom machined Teflon holders, which allow for 
the chip to be vertically submerged in 6:1 BOE. This releases only the Photonic Needle 
sections to be inserted into biological media in later experiments, and leaves the oxide 
cladding intact on the other side of the chip for effective optical coupling into the input 
facets. This release etch does not damage the Photonic Needles, because the etch rate of 
silicon in BOE is negligible. Next the chip is critical point dried to avoid stiction in 
contact with the silicon substrate. At this point, the silicon substrate is carefully 
mechanically cleaved close to the base of the released waveguide probes via Mechanical 
Substrate Removal (MSR). This is achieved by marking the edge of the substrate close 
to the oxide base of the released needles with a diamond scribe, and then pushing down 
on the substrate and away from the released needles, while holding the base of the chip 
supported on a stack of microscope slides, a few millimeters above the work surface. 
This leaves a silicon substrate handle approximately 15x5 mm at the base of the 
Photonic Needles used to insert the entirely released lengths of the needles into the 
biological tissue.  Figure 2.1.b shows the Scanning Electron Micrograph (SEM) of the 
pristine cleaved silicon face, post-MSR, at the interface between the portion of the chip 
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where the needles are released and where they are not (left).  Note that this pristine 
surface is in contrast to typical rough etched surfaces resulting from long backside 
etches.  Figure 2.1.c shows the SEMs of both curved (left) and angled (right) Photonic 
Needle tips, taken from the top of the chip and at a 45 degree angle relative to the chip. 
Note that the top faces are much smoother than the sides, showing that the sidewall 
roughness is primarily due to the initial waveguide etch process and not any part of the 
release process.  The dimensions in white are referring to the approximate effective 
cross-sections, which mediate the critical force for insertion for each tip type, described 
in further detail in the Results and Discussion section below.  The dimensions in red 
indicate that the patterned radii of all the radiused tips are equal to half the width (d), 
and that the patterned angle of all the angled tips are at 45 degrees to the length of the 
needle. 
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Figure 2.1: Details of the Photonic Needle fabrication using the Mechanical Substrate 
Removal (MSR) process.  a.) Processing steps (left to right): (1) patterning of the 
Photonic Needle waveguides on the SOI wafer, (2) cladding the waveguides in PECVD 
oxide, (3) releasing diced chip vertically in BOE, (4) scribing at the base of the released 
section and mechanically cleaving off the substrate, (5) finally releasing the probes.  b.) 
Scanning Electron Micrograph (SEM) of the Photonic Needles showing the pristine 
cleaved silicon face, post-MSR, at the interface between the portion of the chip where 
the needles are released and where they are not released (left).  A schematic of the 
released needles indicating where the SEM was taken is shown on the right.  Note that 
this pristine surface is in contrast to typical rough etched surfaces resulting from long 
backside etches.  c.) SEMs of both curved (left) and angled (right) Photonic Needle tips, 
taken from the top of the chip and at a 45 degree angle relative to the chip.  Note that the 
top faces are much smoother than the sides, showing that the sidewall roughness is 
primarily due to the initial waveguide etch process and not any part of the release 
process.  The dimensions in white are referring to the approximate effective cross-
sections, which mediate the critical force for insertion for each tip type, described in 
further detail with the data in Figure 2.4.  The dimensions in red indicate that the 
patterned radii of all the radiused tips are equal to half the width (d), and that the 
patterned angle of all the angled tips are at 45 degrees to the length of the needle. 
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Results and Discussion 
 
The optical quality of the Photonic Needles is high, with measured propagation losses of 
less than 4(+/-)2 dB/cm. This loss is primarily due to the sidewall roughness inherent 
with contact photolithography, and could be easily improved with deep uv or ebeam 
lithography. Figure 2.2 shows the estimated propagation losses for 10 µm thick probes 
with waveguide widths ranging from 5 to 10 µm wide.  The propagation loss was 
extracted by measuring the transmission and reflectivity of the Fabry-Perot cavity 
created between blunt polished end facets for a 10.2 mm long probe where 3.5 mm of 
the waveguide length is released and 6.7 mm of the waveguide length is clad (inset 
shows an example of the transmission and the reflection 
spectra). [16], [17], [18], [19], [20], [21], [22]  The setup consisted of lensed fibers for 
coupling light in and out of the needles, with a circulator between the source telecom 
laser at 1550 nm and the needle input facet to measure the reflected intensity data, in 
addition to the transmitted intensity data collected at the output of the released needle 
tip. The overall losses were approximately 8 dB on average when coupling with a lensed 
fiber of 2.5 µm mode field diameter.  These losses could easily be improved by 
minimizing the mode mismatch between the input facets of the Photonic Needle input 
facets and the fiber input. 
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Figure 2.2: Graph shows the estimated propagation losses for 10 µm thick probes with 
waveguide widths ranging from 5 to 10 µm wide. The propagation loss was extracted by 
measuring the transmission and reflectivity of the Fabry-Perot 
cavity [16], [17], [18], [19], [20], [21], [22] created between blunt polished end facets for 
a 10.2 mm long probe, where 3.5 mm of the waveguide length is released and 6.7 mm of 
the waveguide length is clad (inset shows an example of the transmission and the 
reflection spectra). 
 
We determine experimentally the minimal probe cross-section allowed (such that they 
can be inserted into biological tissue without mechanically failing) to be on the order of 
4 µm. In order to answer the question of how small the probe can be before it buckles, 
we insert the suspended probes into 0.5% and 2% agarose which have been shown to be 
similar in mechanical properties to mouse cortex without and with dura 
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intact. [65], [66], [67], [68] The chip holding the array of Photonic Needles was fixed to 
a 3 axis stage adjacent to a second 3 axis stage with a rectangular cube of agarose.  The 
agarose was supported by a structure of microscope slides on all but the side facing the 
tips of the Photonic Needles.  The needles were inserted by manually actuating the 
micrometer of one stage towards the other.   
 
Figure 2.3: a.) Microscope image of a 3.25 mm long suspended probe with 3x10 µm 
cross-section being inserted into 0.5% agarose by weight, to simulate mouse cortex 
without dura intact. [65], [67]  b.) SEM image of the probe shown in (a.) after release and 
before insertion.  c.) Composite microscope image of released probes with two different 
tip geometries and widths varying from 2 to 10 µm being inserted into 2% agarose by 
weight to simulate mouse cortex with dura intact. [65], [66], [67], [68]  The Photonic 
Needles that buckled during insertion are shown in red. 
 
Figure 2.3.a shows a microscope image of a 3x10 µm cross-section probe 
approximately 3.25 mm long being inserted into 0.5% agarose, with no buckling.  Figure 
2.3.b is an angled SEM of the same 3x10 µm cross-section probe before insertion.  
Figure 2.3.c is a composite microscope image demonstrating a full double set of released 
probes being inserted into 2% agarose.  One can see that for the angled tip set, the 2 and 
3µm wide needles buckled, but the 4, 5, 6, 7, 8, 9, and 10 µm wide needles did not.  For 
the curved tip set below, the 2, 3, and 4µm wide needles buckled, but the 5, 6, 7, 8, 9, 
and 10 µm wide needles did not.  Buckling needles are colorized in red.  Figure 2.4 
shows the theoretical maximum Photonic Needle lengths (for a range of widths) above 
a.)
b.)
c.)
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which buckling occurs for the inserted waveguides with both angled (green) and 
rounded (blue) tips and our experimental data. We expect that the tip geometry effects 
the critical cross sectional dimension, because the angled tip will effectively have a 
smaller area pushing into the surface of the flexing viscoelastic medium than a rounded 
tip. The theoretical curves are obtained using Euler’s buckling equation [12], [13], [14] 𝐹!!"#"$%& = !!!!"!!      (2.1) 
 
where K is the column effective length factor determined by the boundary conditions, E 
is the elastic modulus, I is the area moment of inertia (=base*height3/12), and L is the 
unsupported column length. Fcritical is the estimated force needed for insertion in the 
brain tissue of a mouse cortex with dura intact from previous studies [67], [68] (scaled 
for cross-section) to be on the order of 74 µN for a 5x10 µm blunt tipped needle. The 
boundary conditions in our experiments are somewhere in between fixed/fixed (K=4) 
and fixed/pinned (K=2.045) end conditions, since dimpling of the viscoelastic surface 
will provide some imperfectly rigid resistance to rotation at the tip.  Therefore, both 
boundary conditions are shown bounding the theoretical values expected here.  To the 
right of Figure 2.4 are finite element (FEM) rendered beams buckling for fixed/pinned 
and fixed/fixed boundary conditions (not to scale).  The experimental data in Figure 2.4 
shows the dimensions extracted from our experiments where buckling occurred (red 
cross) and no buckling occurred (circle).  The mixed point represents dimensions where 
the rounded tip needle buckled and the pointed tip needle did not buckle.  From the data, 
one can see that the widths for which buckling occurred were less than 4(+/-)1 µm, 
corresponding to what is predicted by the theory.  
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Figure 2.4: Maximum Photonic Needle lengths above which buckling occurs (for a 
range of widths).  The range of waveguide lengths derived from theory assumes the 
boundary conditions are somewhere between fixed/fixed and fixed/pinned for the 
inserted waveguides with both pointed and rounded tips (               respectively). 
Dimensions were extracted from our experiments for buckling and no buckling 
conditions (             respectively).  The mixed point (     ) represents dimensions where 
the rounded tip needle (     ) buckled and the pointed tip needle (     ) did not buckle.  
Right are finite element (FEM) rendered beams buckling for fixed/pinned and 
fixed/fixed boundary conditions (not to scale).  Arrows point to the curves describing 
each boundary condition assumption enclosing the theoretical range of critical 
dimensions for each tip geometry. 
We expect that even longer Photonic Needles could be inserted in biological medium 
without buckling if composed of materials such as silicon nitride and silicon carbide, 
whose higher elastic moduli (E) contribute to larger stiffnesses. The graph in Figure 2.5 
shows the critical length as a function of cross sectional size considering silicon (E=220 
GPa), silicon nitride (E=250 GPa), and silicon carbide (E=450 GPa).  One can see that a 
3.5 mm long probe composed of silicon is expected to buckle at a width of 
approximately 6 µm while the same probe, composed of SiC with the same geometry 
would not buckle.  We assume here a conservative blunt tip geometry, as well as a 
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pinned/fixed boundary condition (K=2.045) instead of the fixed/fixed boundary 
condition (K=4).  
 
Figure 2.5: Critical length as a function of cross sectional size, considering silicon 
(E=220 GPa), silicon nitride (E=250 GPa), and silicon carbide (E=450 GPa). One can 
see that a 3.5 mm long probe composed of silicon is expected to buckle at a width of 
approximately 6 µm while the same probe, composed of SiC with the same geometry 
would not buckle. We assume here a conservative blunt tip geometry, as well as a 
pinned/fixed boundary condition (K=2.045) instead of the fixed/fixed boundary 
condition (K=4). 
 
    
Conclusion 
 
We demonstrate the concurrent mechanical and optical robustness of up to 3.5 mm long 
Photonic Needles with cross-sectional dimensions down to 5 µm wide by 10 µm thick.  
These Photonic Needles could be used, for example, as light delivery probes for multi-
photon imaging, excitation and collection, or as a substrate for much smaller waveguides 
designed for low loss at visible wavelengths.  Also the fabrication concepts 
demonstrated in this work are easily transferrable to numerous other materials and etch 
chemistries.  This platform leverages the mature fields of both micro electro mechanical 
systems and silicon photonics. In fact, similar needle-like platforms have recently been 
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shown for electrical probing, [69], [70], [71] demonstrating how these Photonic Needles 
could enable a new scalable platform with 100’s or even 1,000’s of light delivery sites 
and/or other electrical or mechanical elements, by displacing only a negligible volume of 
tissue.  
 
Additional Data: 
 
Table 2.1: List of propagation loss values and standard deviations for each needle width 
from 5 to 10 µm.  The overall average is 4(+/-)1 dB/cm. 
Needle 
Width    
[µm] 
Propagation 
Loss           
[%] 
Standard 
Deviation 
[%] 
Propagation 
Loss 
[dB/cm] 
Standard 
Deviation 
[dB/cm] 
5 0,60 0,11 -3,9 -1,2 
6 0,42 0,13 -2,3 -0,9 
7 0,64 0,05 -4,4 -0,6 
8 0,67 0,05 -4,7 -0,7 
9 0,73 0,10 -5,5 -1,6 
10 0,61 0,13 -4,0 -1,5 
Averages: 0,61 0,10 -4,1 -1,1 
 
Transgenic Mouse Experiments 
 
In vivo 3-photon imaging experiments were attempted using a pulsed laser source at 
1700 nm after the insertion of an aggregate of needles.  An aggregate was inserted due 
their being wetted with saline prior to insertion, allowing for the surface tension of water 
to pull them together.   Figure 2.6 shows how the launching of light into a single needle 
via a large mode area fiber into the input facet of the needle helped maintain the soliton 
for delivery to the imaging site. Figure 2.7 shows the fluorescence data collected at 
various depths of needle insertion. The overall depth of insertion was approximately 3 
mm. 
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Figure 2.6:  Spectral output from the Photonic Needle tip shows the soliton coming 
out of the needle at ~1700nm has 6mW in the soliton with 20 mW total and a 35 
nm pulse width. The soliton directly out from LMA fiber (the input to the Photonic 
Needle) is at ~1710nm has 18 mW in the soliton with 60 mW total and a 44 nm 
pulse width. 
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Figure 2.7:  3-photon fluorescence data taken at various depths shows a strong signal 
at the fluorescence (fluor) wavelength expected inside the brain.  Also there is a third 
harmonic generation (THG) peak that is most likely the contribution from input fiber 
light overshooting the Photonic Needle and exciting the surface of the brain directly.   
The x-axis of the sample point histogram (left) represents pixel intensity, which is 
proportional to either fluorescent or THG signal strength.  The fluorescent and THG 
channels are measured using band-pass filters in front of photomultiplier tubes for 
each respective measurement.  The total depth at point 9 (right) is approximately 3 
mm. 
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CHAPTER 3  
 
INTEGRATED MID-INFRARED DETECTOR 
Introduction 
 
The growing need for applications like thermal energy harvesting, telecommunications 
and spectroscopy has fueled the recent advancements in mid-infrared (mid-IR) silicon 
photonics; however, efficient and broadband silicon waveguide-integrated detectors 
have not yet been demonstrated past 2.5 µm wavelength.  Previous studies have 
successfully demonstrated efficient mid-IR detectors based on III/V, II/VI, and IV/VI 
compounds, like PbTe [72], MCT [73], PbSe [74], HgTe [75], InAs [76] , GeSn and 
GeSi [77–79], or based on novel material structures like graphene [80–82], quantum 
dots [74–76,83] and surface modifications in silicon [84].  What all of these detectors 
have in common is that they rely on materials that are difficult to integrate with silicon 
photonic platforms. These limitations have fueled the need for a silicon based mid-IR 
detector that can be monolithically integrated with the existing silicon photonic 
platform.  
The fundamental challenge with developing a silicon detector for the mid-IR is that 
longer wavelengths have lower photon energies (hν ~ 0.18 to 0.62 eV) as compared to 
the available bandgap in silicon (Eg ~ 1.1 eV).  Recent demonstrations have shown that 
one way to overcome this challenge is to use dopants like zinc [25], boron [85], silicon 
divacancy (Si+) [86,87], and argon [88] to create mid-bandgap states in silicon.  But the 
responsivity of these devices diminishes with longer wavelengths, and none have been 
demonstrated beyond 2.5 µm.  This excludes many essential wavelengths for many 
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applications, including on-chip spectroscopy and most of the “molecular fingerprint” 
region. [89] There are minimally 100’s of molecular species with particularly strong 
spectroscopic absorption lines in just the 3 to 4 µm range alone. [90] Development of a 
silicon based integrated detector with high responsivity from 2 to 7 µm would have a 
strong impact towards realization of a spectroscopic platform that could be implemented 
in ubiquitous environments. 
In this work, we show the first waveguide-integrated silicon photodiode demonstrated 
in the wavelength range from 3.36 µm to 3.74 µm. [Fig.1] In order to achieve a 
broadband mid-IR photodetector in silicon, we introduce an extrinsic sulfur dopant into 
what would otherwise be an intrinsic silicon photodiode (PIN becomes PEN). [91–93] 
The sulfur dopant introduces mid-bandgap energy states, primarily at 0.318 eV and 0.18 
eV from the conduction band. [94,95] [Fig. 1a] Figure 1a is an energy band diagram 
showing how the smaller energy gap allows mid-IR photons, with energies much lower 
than the silicon bandgap, be excited into the conduction band. The spectral response of 
the sulfur dopant is expected to peak near 5.5 µm, and extend from 2 to 7 µm at greater 
than 30% of the peak response. [93] Our photodiode is integrated in a silicon waveguide 
such that there is high optical mode overlap with the sulfur dopant. [Fig. 1b] The Silvaco 
simulation in Figure 1b shows an approximation of the net dopant concentration of the 
waveguide cross-section, and the Comsol simulation in Figure 1c shows the optical 
mode at 3.8 µm for the same 3 by 3 µm ridge waveguide with a 1.7 µm thick slab. The 
gray lines in Fig. 1b correspond to the 1/e and 1/e2 power values for the optical mode in 
Fig.1c, and show that the area interacting with the optical mode is relatively evenly 
sulfur-doped in the range of 1016/cm3 to 1018/cm3 concentration. The large waveguide 
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cross-section enables high optical confinement, lower scattering loss along the length of 
the device and less absorption interaction with the metallic contacts, enabling a higher 
efficiency response.  
 
 
Figure 3.1: (a.) Simplified energy diagram for the detector shows the mid-bandgap state 
created when silicon is doped with sulfur.  The energy transition is smaller therefore 
corresponds to longer wavelengths. (b.) Silvaco simulation results of net dopant 
concentration in the waveguide after activation with gray lines corresponding to the 1/e 
and 1/e2 power values for the optical mode in Fig.2b shows that the area interacting with 
the mode is relatively evenly sulfur-doped in the range of 1016/cm3 to 1018/cm3.  (c.) 
Comsol simulation of the optical mode in waveguide for wavelength of 3.8 μm shows 
the over lap of power in the mode with the doped region in Fig.2a. 
 
Fabrication 
 
We fabricate the sulfur-doped mid-IR photodiode using standard silicon photonics 
fabrication techniques. Fig.2 is a microscope photograph showing a top view of the mid-
infrared photodectector with sulfur-doped waveguide section horizontally across the 
center between phosphorus and boron doped n++ and p++ regions above and below 
waveguide.  The red arrow indicates where the light is coupled into the waveguide and 
propagates in the direction of the waveguide-integrated detector.  We use a silicon-on-
insulator (SOI) wafer with 3 µm thick, high resistivity Float-Zone silicon device layer 
with a 3 µm buried oxide layer. As shown in Fig. 3, we pattern waveguides using contact 
photolithography and dry etch the waveguides using inductively coupled plasma reactive 
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ion etching (ICP-RIE). We then pattern resist exposing the location of the detector (the 
200 µm waveguide section including 500nm on each side of the section). This area is 
shallowly implanted with a total dose of 3e14 cm-2 sulfur ions at 190 keV, and annealed 
at 1050C (480 min.) to heal the crystal and diffuse the dopants deeper throughout the 
waveguide.  Annealing at high temperatures preferentially produces the mid-bandgap 
states at 0.318 eV and 0.18 eV which we are targeting with this design.  [94] A 3 µm 
plasma-enhanced chemical vapor deposition (PECVD) silicon dioxide cladding layer is 
then deposited, followed by a via etch through the oxide to define the metal contact and 
p/n doping regions.  We then pattern the p/n doping of the ohmic contacts, 200 µm long 
by 10 µm wide, along each side of the waveguide.  The p++ and n++ ion implantation 
here is at 6e15 cm-2 dose, and at 5 and 10 keV for the p++ and n++ respectively.  A 
reflow anneal at 500C (15 min.) and 900C (30 min.) is followed by a rapid thermal 
anneal at 1050C (0.4 min.) to heal the crystal and activate the dopant species. The target 
result is sulfur dopants in the desired region of the waveguide with concentration on the 
order of 1017 cm-3, and p++ and n++ contact regions on the order of 1020 cm-3 at the 
contact surface, as approximated in our Silvaco simulation [Fig.1b].  Finally, we deposit 
metal contacts consisting of a molybdenum silicide/titanium/aluminum stack to 
complete the ohmic contacts for the diode.  Note that it is important for this deposition to 
happen after the annealing steps to avoid melting the metals while reaching adequate 
activation temperatures for the dopants.  The resistance and capacitance of these devices 
were measured to be on the order of 100 kΩ and 1 nF respectively. 
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Figure 3.3: Fabrication of these waveguide integrated detectors starts with an SOI wafer, 
with patterned ridge waveguides.  Next the sulfur is implanted and the wafer is annealed 
to distribute the dopant across the waveguide cross-section.  Then the n++ and p++ 
contact regions of the diode are implanted with phosphorus and boron respectively, and 
then rapid thermally annealed to activate the dopants.  Lastly the oxide cladding is 
deposited, vias etched for the metal contacts, and the metals deposited to complete the 
ohmic contacts. 
 
  
Figure 3.2: Microscope photograph shows 
a top view of the mid infrared 
photodectector with sulfur-doped 
waveguide section horizontally across the 
center between phosphorus and boron 
doped n++ and p++ regions above and 
below waveguide.  The red arrow indicates 
where the light is coupled into the 
waveguide and propagates in the direction 
of the waveguide-integrated detector.   
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Results/Discussion 
 
We measure a responsivity of 28 +/-2 mA/W with a 30 V reverse bias at 3.74 µm and 
obtain a spectral response from 3.25 to 3.74 µm with increasing responsivity at longer 
wavelengths. This responsivity is on the same order of magnitude as longer length 
waveguide detectors measured from 2.2 to 2.4 µm.  [25]   To measure the responsivity 
of our detector, we use a mid-IR laser source (Argos Model 2400 CW optical parametric 
oscillator) that is tunable from 3.2 to 3.8 µm, and couple light into the chip using an 
aspheric lens. We measure in input coupling loss of 24dB into the chip to determine the 
power incident on the detector.  The responsivity and dark current are shown vs. bias 
voltage in Fig. 4a and Fig 4a inset. Figure 4 shows the noise equivalent power (NEP) 
calculated for various biases and across the wavelengths from 3.3 to 3.74 µm.  At 3.7 
µm wavelength the NEP was measured to be 4.3e-10, 1.9e-10, and 1.4e-10 W/√Hz at 10, 
20, and 30 V reverse biases respectively. [Fig.4b] These figures are of the same order of 
magnitude of other waveguide detectors at 2.2 to 2.4 µm, but are more constant across 
the wavelengths measured. [25] The NEP improves at larger reverse bias, despite the 
increasing dark current, because the simultaneous increase in responsivity has larger 
contribution of the to the overall NEP.  The NEP as a function of wavelength for reverse 
bias voltages greater than zero is: 
NEP(λ,V) = 2𝑒 ∗ 𝐼𝑑𝑘(λ,V)𝑅(λ,V)  
where Idk and R are dark current and responsivity respectively as a function of 
wavelength and reverse bias voltage. [25–27] 
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Figure 3.4: a.) The responsivity graph shows a peak responsivity of 28+/-2 mA/W 
with a -30V bias at 3.74 µm.  The inset graph shows the dark current measurement at 
various bias voltages for the same device.  b.) The noise equivalent power is shown to 
decrease with increasing reverse bias voltage from 3.3 to 3.74 µm, with a value of 1.4e-
10 W/√Hz at 30 V reverse bias at 3.7 µm. 
 
 
In order to rule out nonlinear carrier generation from the silicon itself, we measure the 
responsivity vs. optical power and find a linear response as seen in Fig. 5a. This linearity 
also confirms that this device is not operating in the avalanche regime, which is 
reasonable considering the operating voltage is far from the measured catastrophic 
breakdown voltage at 66 V reverse bias. In Figure 5b, we vary the laser wavelength and 
measure responsivity vs. wavelength.  The upward trend in responsivity for longer 
wavelengths is consistent with the dopant responsivity curve seen in previous 
literature. [93] The dotted line in Figure 5b is meant as a guide to the eye and not to 
suggest the significance of a linear fit.   
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Figure 3.5: a.) The responsivity with respect to wavelength graph shows the increasing 
response at longer wavelengths as expected from previous literature.  [93] The dotted 
line is not meant to indicate a linear fit, but just serves as a guide to the eye.  b.) The 
photocurrent with respect to incident power onto the detector shows the linear trend, 
excluding a contribution from non-linear processes like the free carrier generation in 
intrinsic silicon at shorter wavelengths. 
 
Conclusion 
 
Further studies on alternative device geometry, as well as on the doping recipe with 
respect to annealing/activation temperatures, times, and ion implantation concentrations 
could likely yield designs optimized for specific performance parameters.  These devices 
could be optimized for higher collection efficiency, and therefore higher responsivity, by 
placing the contact regions closer to the center of the waveguide.  Figure 1c shows the 
high optical mode confinement with these devices and how the contacts could likely be 
moved closer to the center of the mode by 1 µm or more before any significant 
absorption from the metals would occur. Also the capacitance could be minimized with 
a thinner slab and therefore a smaller cross-section depletion region, decreasing the RC 
of future devices.  It is likely that responsivity and bandwidth could both be increased 
with higher sulfur doping concentrations closer to the insulator metal transition at 
around 1020 cm-3, and multiple groups have recently demonstrated how this might be 
achieved via processes like hyperdoping and laser annealing. [96–99] 
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We have demonstrated the first waveguide-integrated silicon detector at the 
wavelength range 3.36 µm to 3.74 µm with just a single CMOS compatible doping step 
added to the fabrication process.  We have measured responsivity up to ~30 mA/W at 30 
V reverse bias voltage, and NEP as low as 3e-10 W/√Hz at 3.74 µm.  Further 
optimization of the doping recipe and physical detector geometry will open up increased 
performance applications for high speed and low noise detection in silicon. We see this 
technology as an important first step towards enabling, for example, on-chip 
spectroscopy, mid-infrared photonics research, and thermal sensing, by providing a low 
cost and simply integrated detection solution in a wavelength range where there are 
currently few options available.  
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CHAPTER 4  
OTHER INTEGRATABLE DEVICE ELEMENTS 
 
Ring Resonator Gas Sensor in the Mid-Infrared 
 
We fabricated and measured resonances of ring resonators designed to sense gas via 
light absorption in the mid-infrared. Figure 4.1 shows a photo of these mid-infrared ring 
resonators with a window in the oxide cladding over the resonators, exposing the rings 
so that gas in the environment can interact with the resonant mode. Figure 4.2 shows the 
measured resonances of the air clad resonators at around 2.3 μm with multiple 
resonances across a broadband laser source input to the resonators (above) and a zoom 
into a few of the resonances (below). The rings were designed for approximately 2.5 and 
3.3 μm where there are there are a number of gasses with strong absorption resonances 
including Methane.  The simulation in Figure 4.3 shows more than 3 dBm change in 
transmission at 3.3 μm in a methane rich environment. 
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Figure 4.1:  Photo of mid-infrared ring resonators showing the window in the oxide 
cladding over the resonators, exposing the rings so that gas in the environment can 
interact with the resonant mode. 
 
 
Figure 4.2:  Measured resonances of the air clad resonators at around 2.3 μm show 
multiple resonances across a broadband laser source input to the resonators (above) and 
zoom into a few of the resonances (below). 
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Figure 4.3:  Simulation results show more than a 3dB change in transmission at 3.3 μm 
in a methane rich environment. 
 
Optical Parametric Oscillator in Silicon at 3.8 µm 
 
We fabricated, from a standard 3 μm device layer SOI wafer and inline with our 
integrated mid-infrared detector from Chapter 3, a dispersion engineered ring resonator 
with ohmic contacts to remove free carriers as with [72]. [ 
Figure 4.4]  Figure 4.5 is a graph of dispersion versus wavelength for a 3 x 3 μm ridge 
waveguide with various slab heights.  The datapoint on the graph indicates anomalous 
dispersion at approximately 50 ps/(nm km) for a slab 1.7 μm, equal to slab height of the 
actual fabricated devices. 
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Figure 4.4:  Microscope image of an OPO in line with the mid-infrared detector from 
Chapter 3.  Contact regions surrounding the ring are for removing free carriers similar 
to  [100]. 
   
Figure 4.5:  Dispersion graph for a 3 x 3 μm ridge waveguide with varied slab heights 
shows anomalous dispersion approximately equal to 50 ps/(nm km) for a slab height of 
1700 nm. 
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Weak Electric Field Sensor 
 
We fabricated and began initial testing of a set of MOEMS devices to sense electric 
fields on the order of 1V/m in various environments, including water, electrolyte, and 
air. We also attempted an even lower spring constant by patterning 200 nm spring 
member widths to achieve smaller than 1V/m resolution.  The design is based on a DBR 
resonant cavity (see Optics Primer, Chapter 1).  Two DBRs are separated by a gap with 
a thin metal layer on top, which is penetrable to incident light used to probe the 
resonance of the cavity from the top.  The top Bragg mirror of the resonator with the thin 
gold layer is suspended by serpentine springs on 4 sides.  The dimensions of these 
springs are designed to have a spring constant which allows the deflection of the top 
mirror 1 μm when electrostatic force of 1 V/m is applied to the gold film.  The spring 
model is based on the models from [101] where a and b (as seen in Figure 4.7 to Figure 
4.10) are the lengths of the members parallel and perpendicular, respectively, to the 
straight sides of the gold film. Resonance measurements of a few AIR devices showing 
resonance at 1.42 μm is seen in Figure 4.11. 
 Figure 4.6:  Microscope photographs of MOEMS electrostatic actuators to measure electric fields on the order of 1 V/m in various environments, including water, 
electrolyte and air. 
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Figure 4.7:  3D graph of the spring model based on the models from [101] in air (AIR) 
where a and b are the lengths of the members parallel and perpendicular, respectively, to 
the straight sides of the gold film.  The data point shows the dimensions of a and b 
which result in a 1 μm mirror displacement. The widths of these members is 400 nm. 
 
Figure 4.8:  3D graph of the spring model based on the models from [101] in electrolyte 
(ELE) where a and b are the lengths of the members parallel and perpendicular, 
respectively, to the straight sides of the gold film.  The data point shows the dimensions 
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of a and b which result in a 1 μm mirror displacement. The widths of these members is 
400 nm. 
 
Figure 4.9: 3D graph of the spring model based on the models from [101] in water 
(H2O) where a and b are the lengths of the members parallel and perpendicular, 
respectively, to the straight sides of the gold film.  The data point shows the dimensions 
of a and b which result in a 1 μm mirror displacement. The widths of these members is 
400 nm. 
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Figure 4.10:  3D graph of the spring model based on the models from [101] in where a 
and b are the lengths of the members parallel and perpendicular, respectively, to the 
straight sides of the gold film.  The data point shows the dimensions of a and b which 
result in a 1 μm mirror displacement.  The widths of these members is 200 nm. 
 
  
Figure 4.11:  Resonance measurements of a few AIR devices showing 
resonance at 1.42 um. 
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Gratings 
 
Bragg gratings [see Optics Primer] are, like ring resonators, building block elements 
of many silicon photonic devices.  Integrating gratings, either on waveguides of a 
different material on the surface of our silicon Photonic Needles [pg.13], or as part of the 
existing silicon waveguide needles, is a simple and well-understood topic. Figure 4.12 
describes functionality which could be implemented as part of integrating gratings with 
the Photonic Needles, including how different wavelengths could couple into or out of 
each grating according to its angular orientation to the activated neuron.  Figure 4.13 
shows simulations of a 1.8 mm long waveguide grating that is continuously chirped so 
that different wavelengths are scattered at different points along the length. 
 
Figure 4.12:  1. Blender rendering describes 10 x 3 array of 10 μm x 10 μm x 3.5 mm 
long photonic probes.  2. Microscope photo of 8 silicon photonic needles 3 μm to 10 μm 
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wide, released into air with no substrate attached below.  3. SEM image of a set of 6 
nitride waveguides terminating into gratings, which are sensitive to angle, and 
wavelength.  4. Close up SEM image of a single nitride grating. 5. Diagram expands a 
section of 2 probes with 2 gratings on each. (grating fabrication and photographs by 
Aseema Mohanty)  5a.  Case 1:  Neuron 1 is firing and its position is triangulated with 
angles gleaned from the wavelengths coupling into each grating, at the angle indicative 
of that wavelength.  5b.  Case 2:  Neuron 2 is firing and, similarly, the position is 
triangulated via the wavelengths collected, but with different angles, wavelengths, and 
position.  6. Graph describing the broad spectral bandwidth available from the excitation 
of a neuron, and the more narrow wavelengths associated with different angles incident 
on the grating.   
***Different wavelengths will couple into each grating according to its angular 
orientation to the activated neuron.*** 
 
 
Figure 4.13:  Matlab simulations of a continuously chirped grating show the overall 
reflectivity (left), and in response to a 70 femtosecond pulsewidth laser source (narrow 
pulse width in time means broadband width spectrally).  n1 is the effective index of the 
larger width, n2 is the effective index of the smaller width, L1 is the length of the larger 
width, L2 is the length of the smaller width, m is the number of grating periods.  The full 
length of the grating is m*(L1+L2) = 1.8185 mm. 
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CHAPTER 5  
FUTURE DIRECTIONS 
 
Measuring Detector Speed in the Mid-Infrared 
 
Although the detectors in Chapter 3 are RC limited, future detectors could easily be 
fabricated with much smaller capacitance and could conceivably have much faster 
response.  This has been observed with other mid-bandgap dopants in silicon like the 
silicon divacancies (Si+) from [87].  Therefore concerns about carriers getting stuck in 
mid-bandgap trap states and restricting bandwidth is at least not the case for all mid-
bandgap states.  Also sulfur doped silicon has the possibility of being more thermally 
stable past a few 100 degrees and therefore applicable in many more 
environments. [102] We show here how to easily measure the bandwidth of future 
devices with a pulsed laser source in the mid-infrared and a spectrum analyzer. 
Despite the non-existence of a modulator for the mid-infrared, we measure the RC 
limited bandwidth for the devices in Chapter 3 at 3.25 μm by measuring the high speed 
spectral components of an 80 MHz pulsed laser source with a spectrum analyzer, 
combined with a measured DC response to define the flat part of the Bode plot. [Figure 
5.1.a] The measurement setup consists of a 200 fs pulsed optical parametric oscillator 
with an 80 MHz repetition rate, freespace coupled into our waveguide-integrated 
detector.  High-speed RF probes landed on the p++ and n++ contacts connect to the 
Picosecond PulseLabs PSPL5547 bias tee where a Keithley 2400 source meter is used to 
provide the bias voltage via the DC inductive arm and the Agilent E4407B spectrum 
analyzer is used to measure the oscillating part of the signal via the RF capacitive arm.   
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Figure 5.1: a.) The Bode plot for our waveguide-integrated detector (with error range) 
shows a 2 (+/-1) kHz bandwidth, which agrees with the RC limited estimate from 
measurement of resistance and capacitance directly.  The rolloff slope is measured via 
the spectral components of an 80 MHz 200fs pulsed laser source incident on the 
detector, as measured with a spectrum analyzer. The flat DC portion of the Bode plot is 
defined by the power from the photogenerated current response.  The horizontal error 
bar at the intersection of the rolloff slope and the 0dB line refers to the error in the 
frequency measurement from the spectrum analyzer (2% of the measurement span 
=200Hz).  Inset is a linear graph of the data at from the spectrum analyzer measurement.  
b.) The Bode plot for a commercial detector demonstrates the simplified method to 
measure the bandwidth for detectors with a rolloff past the input repetition rate of the 
pulsed laser source.  Inset is a linear graph of the data at from the spectrum analyzer 
measurement.   
 
The 80 MHz 200 fs pulsed source can be modeled as a pulse train which has a flat 
frequency response over a wide bandwidth. [24] Because the 200 fs pulse is short, the 
Fourier transform of the pulse into frequency domain is broad.  The pulse train can be 
approximated as a Dirac function where the Fourier transform of a Dirac function in 
time is a Dirac function frequency.  This can be demonstrated by taking the Fourier 
transform of a wider square wave pulse width, whose spectral components follow the 
sinc function, and slowly decreasing the pulse width until the spectral components 
flatten over a broad frequency range. This flat response makes the definition of the 
 48 
rolloff slope a simple measurement on a spectrum analyzer.  An equivalent DC response 
measurement, corresponding to the power at the spectrum analyzer provides the flat 
portion of the Bode plot as shown with our integrated silicon detector in Figure 5.1.a. 
The intersection of the DC flat portion at 0dB, and the extended rolloff slope (dotted 
line) give us an approximate 2 (+/-1) kHz bandwidth for this RC limited detector.  This 
measurement is verified with RC estimates via direct measurements of resistance and 
capacitance.  The small signal resistance was measured to be approximately 70(+/-21.7) 
kΩ from dV/dIphotocurrent at the operation point of 30 V on the IV response curve for this 
particular device.  The capacitance due to the voltage dependent depletion width was 
measured at 1.8(+/-0.23) nF at 30 V inverse bias. 
For a detector with a bandwidth surpassing the repetition rate of the laser source, the 
entire Bode plot can be gleaned from the spectrum analyzer data alone.  For example, in 
Figure 5.1.b we demonstrate this technique by measuring the bandwidth of a Vigo PVI-
4TE mid-infrared detector (amplified, cooled MCT in freespace package).  The 3dB 
bandwidth of the commercial detector is 788 MHz at 3.25 μm wavelength.  
 
Photonic Needles in Other Materials/Other Wavelengths 
 
There are many materials with higher elastic modulus, as well as lower absorption for 
certain wavelengths, than the silicon used for the Photonic Needles in the work from 
Chapter 2.  Because of this fact, smaller cross-section and/or longer needles could be 
fabricated with the same stiffness as these silicon needles as seen if Figure 5.2.  Also this 
platform can be optimized in part by choosing materials with low absorption in a 
particular wavelength range.  The following is one example of how this could be 
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realized in silicon nitride and with visible wavelengths, but the same concepts apply to 
other materials and other wavelength ranges. 
Figure 5.2:  Graph of length versus cross-section dimension for needles of various 
materials shows that particular materials would be more or less robust to failure by 
buckling according to Euler bucking.  Assumptions for this graph are the more 
conservative fixed/pinned boundary conditions and a blunt tipped needle. 
 
Table 5.1: Values for elastic moduli and refractive index for various optical materials 
suggest more or less desirable materials at infrared and visible wavelengths.  
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We show the silicon Photonic Needles platform extended to silicon nitride for two 
recipes, standard PECVD nitride and a low-stress nitride recipe from  [103].   The stress 
was measured in each film recipe prior to needle fabrication by measuring the curvature 
of the wafers on a profilometer.  The standard nitride was approximately 400 MPa and 
the low-stress nitride was 80-100 MPa.  The standard recipe for PECVD nitride is 
known for having higher residual stress in the material due to the thermal mismatch 
between silicon and silicon nitride.  Due to this residual stress, the needles in this 
material curved significantly upward after release, making measurement and testing 
applications difficult.  The low-stress nitride curved much less after release and therefore 
some initial testing could be performed with the needles in this material.  The losses for 
longer wavelengths were significantly lower than for shorter wavelengths.  Figure 5.3 
shows a broad-spectrum 488nm light source transmitted through a low-stress nitride 
Needle.  The 488nm source looks mostly greenish but it includes wavelengths from blue 
to red.  The tip looks mostly red because the nitride absorbs much less of the red light 
than the blue light.  This is likely due to the low-stress nitride being more silicon rich 
than standard silicon nitride. 
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Figure 5.3:  shows a broad-spectrum 488nm light source transmitted through a low-
stress nitride Needle.  The 488nm source looks mostly greenish but it includes 
wavelengths from blue to red.  The tip looks mostly red because the nitride absorbs 
much less of the red light than the blue light.  This is likely due to the low-stress nitride 
being more silicon rich than standard silicon nitride. 
  
Figure 5.4: Left is a sampling from the CAD for the contact photolithography mask 
layers showing the 3 and 5 μm sets needles.  Some chips have needles with all 
equivalent lengths and some chips have varied lengths.  Right is a photograph of one 
chip set of fabricated silicon nitride probes. 
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Figure 5.5:  Length versus width graph is a similar graph to Figure 2.4 for silicon, but 
for the low-stress nitride recipe in this chapter instead.  It shows the critical dimensions 
before buckling for the needles to penetrate mouse brain with dura in tact.  The green 
lines bound the region corresponding to a pointed tip and the blue lines bound the region 
corresponding to a curved tip.  The upper lines of both regions correspond to fixed/fixed 
boundary conditions and the lower lines of both regions correspond to fixed/pinned 
boundary conditions. 
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Figure 5.6:  The Comsol simulated optical mode of a 3 x 3µm cross-section needle and 
an effective index of n = 2.27. 
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APPENDIX  
 
A1.  Python code for measuring a series of spectral components with a spectrum 
analyzer (used specifically with an Agilent E4407B): 
 
 
###!/usr/bin/python 
 
# -*- coding: utf-8 -*- 
""" 
Created on 30 Apr 2017 
 
multiscan code for measuring a series of narrow peaks, spaced relatively far apart by 
Romy Fain 
 
adapted from code by Avik Dutt for single scan 
""" 
 
import numpy as np 
import pyvisa, matplotlib 
matplotlib.rcParams['backend.qt4'] = 'PySide' 
import PySide 
import pylab as p 
import time 
import glob 
import matplotlib.pyplot as plt 
 
plt.close("all") 
rm = pyvisa.ResourceManager() 
print rm.list_resources() 
rf = rm.open_resource(u'GPIB0::18::INSTR') 
print(rf.query('*IDN?')) 
rf.write(':INITiate:CONTinuous ON')       #continuous mode sweep 
#rf.write(':INITiate:CONTinuous OFF')       #single mode sweep 
 
fundFreq = 80.05 
freq = [1600.98] 
 
###%% Span 
span = '10KHZ' 
rf.write(':FREQuency:SPAN '+span) 
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#%% #Set RBW 
RBW = '100HZ' 
rf.write(':BANDwidth:RESolution '+RBW) 
 
#%% #Set VBW 
VBW = '100HZ' 
rf.write(':BANDwidth:VIDeo '+VBW) 
 
#%% Ref level 
ref_l = '-80DBM'#-120 
rf.write(':DISPlay:WINDow:TRACe:Y:SCALe:RLEVel ' + ref_l) 
 
#%% Sweep time 
sweep_time = 'AUTO' 
rf.write(':SWEep:TIME:AUTO ON') 
 
#%% Y axis scale per div 
y_scale = "7" 
rf.write(':DISPlay:WINDow:TRACe:Y:SCALe:PDIVision ' + y_scale)  
 
#%% ST= sweeptime[ms] 
ST = rf.query_ascii_values(':SWEep:TIME?') 
    
#%% Average 
aveN = '40' 
 
peakFreq = [] 
stdevPeak = [] 
peakAmp = [] 
i = 0 
 
while(freq[i]<2250):     
    data = [] 
    aveData = [] 
     
    ##%% center freq 
    center_f = str(freq[i]) + 'MHZ' 
    rf.write(':FREQuency:CENTer '+center_f) 
 
    #%% Read data 
    for q in range (aveN):  
        time.sleep(2*ST[0])   
        data.append(np.array(rf.query_ascii_values('TRACe? TRACE1'))) 
        #Get start and stop frequencies 
        N = len(data[q]) 
        start_f = rf.query_ascii_values(':FREQuency:STARt?')[0] 
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        stop_f = rf.query_ascii_values(':FREQuency:STOP?')[0] 
        freqs = np.linspace(start_f, stop_f, N) 
  
        plotting = 1 
        plt.figure() 
        if plotting: 
            p.plot(freqs/1.e6, data[q]) 
            p.xlabel('Frequency (MHz)') 
            p.ylabel('Amplitude (dBm)') 
            p.title(str(freq[i])+'MHz'+'_'+str(q)) 
             
        f = 
r"spect"+str(q)+"_ctrF"+center_f+"_span"+span+"_RBW"+RBW+"_VBW"+VBW+"_s
weepTime"+sweep_time+"_refLevel"+ref_l+"_yScale"+y_scale+".txt" 
     
        save_dir = "C:\\Users\\romyfain\\Desktop\\spectrumAnalyzerCode\\speedData\\" 
 
        data_to_write = np.array([freqs.T,data[q].T]).T 
        np.savetxt(save_dir+f, data_to_write, delimiter='\t') 
         
############         
    aveData = sum(data,0)/(q+1) 
    stdevData = np.std(data,0) 
 
    peakAmp.append(max(aveData)) 
         
    peakFreq.append(freq[i]-0.005+((0.01/N)*np.argmax(aveData))) 
    stdevPeak.append(stdevData[np.argmax(aveData)]) 
             
    freq.append((freq[i]-0.005+((0.01/N)*np.argmax(aveData))) + fundFreq) 
         
############   
    plt.figure() 
    plotting = 1 
    if plotting: 
        p.plot(freqs/1.e6, aveData) 
        p.xlabel('Frequency (MHz)') 
        p.ylabel('Amplitude (dBm)') 
        p.title('Average over 40 scans: '+ str(freq[i])+'MHz') 
         
        graph_filename= 
str(peakFreq[i])+"MHz_"+str(peakAmp[i])+"dBm_PEAKS_span"+span+"_RBW"+RB
W+"_VBW"+VBW+"_sweepTime"+sweep_time+"_refLevel"+ref_l+"_yScale"+y_scal
e+".png" 
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graph_path="C:\\Users\\romyfain\\Desktop\\spectrumAnalyzerCode\\speedData\\peaks\\
graphs\\" 
        p.savefig(graph_path+graph_filename) 
         
    i+= 1 
    plt.close("all") 
   
f_peaks = 
"PEAKS_span"+span+"_RBW"+RBW+"_VBW"+VBW+"_sweepTime"+sweep_time+"
_refLevel"+ref_l+"_yScale"+y_scale+".txt"         
 
save_dir = "C:\\Users\\romyfain\\Desktop\\spectrumAnalyzerCode\\speedData\\peaks\\" 
 
to_write_peaks = 
np.array([np.array(peakFreq).T,np.array(peakAmp).T,np.array(stdevPeak).T]).T 
np.savetxt(save_dir+f_peaks, to_write_peaks, delimiter='\t') 
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A2.  List of a Some Strong Spectral Lines from 3 to 6 μm  
 
chemical	species	 wavelength	(μm)	 absorption(cm2/molecule)	
Acetylene	 2.964.	3.04	 1E-18	
Ammonia	 8.5	to	12	 3E-18	
		 2.85	to	3.15(2.997,2.904)	 1.2E-19	
		 2.2	to	2.35	 3E-20	
Benzene	 14.7	 1E-17	
		 ~3.5		 1E-21	
Butane	 ~3.5		 8.5E-19	
		 ~2.5	 5E-21	
Butanol	 ~3.5		 5E-19	
		 ~2.7	 5E-20	
Butene	 3.2-3.6	 3E-19	
Carbon	dioxide	 4.2-4.34	 1.3E-17	
Carbon	monoxide	 4.5-4.9	 2E-18	
Cyclohexane	 ~3.5	 4E-18	
Ethane	 3.35	 2E-18	
Formaldehyde	 5.73	 1.5E-18	
		 3.6	 1E-18	
Carbonyl	sulfide	 4.85	 6E-18	
Chlorosulfonyl	isocyanate	 4.431	 6.5E-18	
Cyclopropane	 3.292	 1.5E-18	
Ethanol	 ~3.5	 2.5E-19	
		 2.8	 9E-20	
Ethylene	 ~10.5	 2E-18	
		 2.2	 1.6E-20	
Hydrazine	 3	 3E-20	
Hydrogen	cyanide	 2.5	 1.2E-19	
Hydrogen	fluoride	 2.4-2.5	 7E-18	
Hydrogen	sulfide	 2.55-2.75	 8E-21	
Hydroxyl	radical	 2.8	 8E-20	
Methanol	 9.5	 1E-18	
		 2.72	 1E-19	
methane	 3.312	 1.5E-18	
Methyl	chloride	 2.2	 2E-20	
Methyl	fluoride	 2.25	 2E-20	
Nitric	acid	 2.815	 8E-19	
Nitric	oxide	 2.67	 1E-20	
Nitrous	oxide	 2.86	 1.2E-19	
Phosphine	 2.925	 2.5E-20	
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Propane	 3.359	 1.15E-18	
Water	 6.27	 9E-19	
		 2.734	 7.5E-19	
		 2.662	 7E-19	
Xenon	 3.508	 		
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